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a b s t r a c t
Heterobasidion partitiviruses infect forest pathogenic fungi of the genus Heterobasidion. We have studied
the amounts of genomes and transcripts of four partitiviruses isolated from four different Heterobasidion
strains infecting different host trees in Greece, Poland, Finland, and China. Heterobasidion partitiviruses
have bisegmented genomes encoding coat protein and RNA-dependent RNA polymerase. Our results
show that the coat protein genome segment is generally more abundant in infected mycelia than the
RNA-dependent RNA polymerase segment and that this bias persists also at transcript levels. The
different virus species all have unique ratios of the genome segments and the ratio is generally stable
over different temperatures and hosts. The amounts of transcripts of each virus respond to host growth
temperatures in a distinctive and consistent manner. The Heterobasidion partitiviruses studied here
affect only rarely the growth of their natural hosts but do inﬂuence the growth of a new host more
frequently.
& 2014 Elsevier Inc. All rights reserved.
Introduction
Partitiviridae is a family of plant, fungal, and protozoan viruses
that have segmented dsRNA genomes. Partitiviridae that infect fungi
are classiﬁed into the genus Partitivirus. Most of the research on
partitivirus molecular biology has been done on Penicillium stoloni-
ferum partitiviruses S (PsV-S) and F (PsV-F), which were found from
a common mould Penicillium stoloniferum (current name Penicillium
brevicompactum) (Buck et al., 1969; Ellis and Kleinschmidt, 1967; Kim
et al., 2003, 2005). In general, partitivirus genomes encode only coat
protein (CP) and RNA-dependent RNA polymerase (RdRp) (Bozarth
et al., 1971). The virus particles consist of 120 CP molecules, one RdRp
molecule, and one RNA segment (Buck and Kempson-Jones, 1970).
Electron cryomicroscope and X-ray crystallography structures of PsV-
S, PsV-F, and Fusarium poae partitivirus have been published (Ochoa
et al., 2008; Pan et al., 2009; Tang et al., 2010). All the particle
structures have the same icosahedral capsid symmetry (triangulation
number 2) formed by 60 quasisymmetrical coat protein dimers. The
viruses pack both ssRNA and dsRNA into virion but only particles
containing dsRNA are transcriptionally active (Buck, 1978). Each virus
particle accommodates only one genome segment and Buck
and Kempson-Jones (1973) have shown that an isolated pool of
PsV-S viruses had twice as many particles containing CP than RdRp
segment. Thus the theoretical infectious particle number for bipartite
partitiviruses is two, but the genome segment bias lowers the
probability that two random PsV-S particles would have both CP
and RdRp genome segments compared to the viruses which have
equal distribution of the two genome segments. However, like other
mycoviruses, partitiviruses are not presumably capable of forming
infective extracellular particles but the spread of the viruses is
possible only through cell division, spores, or hyphal cell fusion
between genetically compatible fungal strains (Nuss, 2011). In host
cell cytoplasm partitivirus dsRNA genome stays inside protein-
covered particle, which may protect viral dsRNA from RNA inter-
ference response as fungi have been shown to elicit RNA interference
against partitiviruses and other RNA viruses (Chiba et al., 2013a,
2013b; Segers et al., 2007). Although mycovirus infections are
generally symptomless, an increasing number of studies have shown
that mycoviruses can have even drastic effects on growth and
phenotype of their host fungi (Ahn and Lee, 2001; Bhatti et al.,
2011; Hillman et al., 1990; Márquez et al., 2007; Zhou and Boland,
1997). Partitiviruses have also been shown to affect their hosts
although somewhat less dramatically (Chiba et al., 2013a; Kanematsu
et al., 2010; Potgieter et al., 2013).
Heterobasidion partitiviruses infect both major clusters of the
genus Heterobasidion: Heterobasidion annosum sensu lato (s.l., in
the broad sense) and Heterobasidion insulare s.l.. H. annosum s.l. is a
species complex consisting of wood-decaying and pathogenic
European, Asian, and North American fungi, whereas fungi belong-
ing to the H. insulare s.l. are found only in East Asia and are
mostly saprotrophic. Each species of the two groups tend to have
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preference to certain tree species, for example, H. parviporum
infects mainly Norway spruce and H. abietinum favours ﬁr.
H. annosum sensu stricto (s.s.) infects several trees including pine,
spruce, and even some hardwoods (Lygis et al., 2004).
15–17% of Heterobasidion isolates harbour dsRNA viruses from
which less than a third is partitiviruses (Ihrmark et al., 2001;
Vainio et al., 2011a). Heterobasidion partitiviruses have been
shown at laboratory conditions to pass quite readily from one
Heterobasidion species to another and some of the virus species
have been reported to enhance or/and diminish their hosts'
growth rates (Hyder et al., 2013; Ihrmark et al., 2002; Vainio
et al., 2010, 2012). For example, HetPV3-ec1 virus studied also in
this paper has been shown earlier to affect fungal growth mainly
negatively (Vainio et al., 2010). Although already 31 different
Heterobasidion partitivirus strains are identiﬁed according to
GenBank, very little is still known about the molecular biology of
these viruses.
The objectives of our research work were to study the amounts of
partitivirus RNA in host fungi, how the amounts are affected by
temperature and host, and whether the changes in the amounts of
viral RNA inﬂuence host growth. More speciﬁcally, we studied the
relative amounts of genome segments and transcripts of four
Heterobasidion partitiviruses, HetPV1-ab1, HetPV2-pa1, HetPV12-
an1, and HetPV3-ec1, isolated from different species of H. annosum
s.l. and H. insulare s.l. in their natural hosts and in a new host at three
different temperatures.
Results
Each Heterobasidion partitivirus has a unique ratio of CP to RdRp
genome segments
To study the relative amounts of CP and RdRp genome segments
the virus hosts were grown at 20 1C and 25 1C. DsRNA was ﬁrst
isolated by afﬁnity chromatography and then the viral dsRNA genome
segments were isolated from agarose gel followed by reverse tran-
scription and quantitative PCR (Fig. 1A). Genomic dsRNAs were
isolated from a gel to exclude possible viral ssRNA transcripts which
could interfere with the quantiﬁcation. The relative amount of RdRp
segment is calculated as a proportion of CP genome segments (Fig. 1B).
Three out of the four viruses had more CP than RdRp genome
segments and the CP to RdRp ratio remained the same in the two
temperatures. In detail, HetPV1-ab1 had about three times, HetPV2-
pa1 twice, and HetPV12-an1 ten times more of CP than RdRp
segments. HetPV3-ec1 from H. ecrostosum, 05166, was an exception
to the general trend, since it had more of RdRp than of CP segments
and the CP to RdRp ratios varied in the two temperatures. On average
the amount of RdRp segments exceeded that of CP 125 times at 20 1C
and 12 times at 25 1C. Furthermore, the standard deviation of three
separate measurements of CP to RdRP ratios was especially large for
HetPV3-ec1. The standard deviation for HetPV3-ec1 was almost 30% at
20 1C and 70% at 25 1C from the mean value, whereas the standard
deviation for the other viruses ranged from about 2–25%. This may
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Fig. 1. Each Heterobasidion partitivirus species has a unique ratio of the dsRNA genomes segments. For quantitative PCR the virus genomes were isolated by afﬁnity
chromatography (CF11 cellulose) and gel electrophoresis, after which cDNA was prepared from the isolated dsRNA (A). Representative agarose gels showing the areas
(indicated by dashed white squares) that were excised to isolate the viral dsRNAs. The example shows HetPV3-ec1 and HetPV1-ab1 dsRNA isolated from hosts 05166 and
93672, respectively, grown at 20 1C. The size marker indicates sizes in kilobases for dsDNA. (B) Quantitative-PCR analysis of the relative amounts of HetPV1-ab1, HetPV2-pa1,
HetPV12-an1, and HetPV3-ec1 genomes isolated from their natural host fungi grown at 20 1C and 25 1C. The amount of CP dsRNA was set to one (black column) and used to
calculate the relative amounts of RdRP (grey column). The error bars represent standard deviation of three separate experiments.
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imply that the unusual genome segment ratio predisposes HetPV3-ec1
to unstable infection, because high variation in CP to RdRp dsRNA ratio
means that the ratio is not mechanistically secured, which then can
lead to increasingly biased random distribution of genome segments
in hypha. If partitivirus replication occurs only inside virus particles,
then certain amounts of capsid proteins have to be produced to
continue infection.
Heterobasidion partitivirus transcript levels are temperature-
dependent
The partitivirus hosts were cultured in three temperatures to
uncover possible regulatory mechanism inﬂuencing the amounts of
viral transcripts. Quantiﬁcation of viral transcripts was done from
cDNA made of equal amounts total RNA (2 mg) and the levels of viral
transcripts were standardised to the levels of Heterobasidion glycer-
aldehydes 3-phosphate dehydrogenase (GAPDH) mRNA. Contamina-
tion of the results by viral genomic dsRNA was estimated to be
small based on the yields of the viral dsRNA in large scale isolation
experiments. Overall the amounts of viral transcripts followed the
amounts of viral genomes, that is, most of the viruses had more CP
than RdRp transcripts in all the temperatures (Fig. 2A). HetPV3-ec1
had at 6 1C about six times more of CP than RdRp transcripts, but at
20 1C the levels were roughly equal, and at 25 1C the amount of RdRp
transcripts surpassed that of CP. When comparing the changes in CP
to RdRp transcript ratios according to the temperature, it was clear
that at the transcript levels each virus reacts in a distinctive manner
(Fig. 2B). For example, HetPV12-an1 increased the ratio of CP to RdRp
transcript as the temperature rose, which was exactly the opposite of
how HetPV3-ec1 reacted.
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Fig. 2. Host growth temperature inﬂuences the amounts of Heterobasidion partitivirus CP and RdRp transcripts. (A) For the PCR quantiﬁcation of CP and RdRp transcripts of
HetPV1-ab1, HetPV2-pa1, HetPV12-an1, and HetPV3-ec1 in their natural fungal hosts, 93672, 7R18, 94221, and 05166, total RNA was isolated from the fungi grown at 6 1C,
20 1C, or 25 1C. The amounts of viral transcripts were standardised to the amounts of Heterobasidion GAPDH mRNA. Note that at 6 1C the amounts of the HetPV1-ab1
transcripts are much lower than at 20 1C or 25 1C. The error bars illustrate standard deviation of at least three separate experiments. (B) The ratio of partitivirus transcripts to
each other change in response to the host growth temperature in a virus-speciﬁc manner. The results are compiled from the PCR quantiﬁcation of the viral transcript by
dividing the amount of CP by the amount of RdRp. The error bars show standard deviation of calculated ratios from three separate experiments.
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Heterobasidion partitiviruses rarely affect the growth of their
natural hosts
For the growth experiment virus-free controls for each fungal
host strain were created by heat treatment and hyphal tip
isolation. Removal of the viruses from their natural hosts was
conﬁrmed by RT-PCR (Fig. A1). Six separate growth experiments
were done for each pair of virus-free and virus-containing Hetero-
basidion strains at 6 1C, 20 1C, and 25 1C. The growth of the fungi
was followed for 5 to 28 days depending on their growth rate. All
the strains had very slow growth rates at 6 1C. Three strains, 93672
(H. abietinum), 7R18 (H. parviporum), and 05166 (H. ecrostusum),
grew slower at 20 1C than at 25 1C, whereas 94221 (H. annosum)
grew slightly faster at 20 1C than at 25 1C. Generally, the virus-free
and virus-containing isogenic pairs grew exactly at the same rate
(Fig. 3). Interestingly, the isolates collected from Finland and
Poland, 7R18 and 94221, had slightly reduced growth rate
(p-values less than 0.05) for virus-containing samples at 6 1C for
three time points. Hence, however variable the amounts of viral
genome segments and transcripts are they do not usually affect
the hosts' growth.
Heterobasidion partitiviruses maintain their unique genome segment
and transcript levels in a new host
Three of the viruses studied were transferred to H. occidentale,
98004, a strain isolated from a different tree species and continent
than the viruses' natural hosts. Transfer of HetPV12-an1 into
98004 was attempted several times unsuccessfully and was ﬁnally
omitted from the experiments. Each of the viruses had unique
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Fig. 3. The effect of Heterobasidion partitiviruses on the growth of their natural hosts at 6 1C, 20 1C, and 25 1C. Viruses were removed from the host fungi with heat
treatment and hyphal tip isolation. Growth of the virus-free control (dashed black line with circles) and the virus-containing (grey line with diamonds) fungi were recorded
with 4 time points for 6 days at 20 1C and 25 1C except for HetPV1-ab1 and HetPV3-ec1 at 25 1C that were followed for only 3 time points due to their fast growth. The 6 1C
growth experiments lasted for 28 days except for HetPV12-an1 of which growth was recorded for 18 days. The error bars represent standard error of the mean of six separate
experiments. The signiﬁcance of the differences between the mean growth area of virus-free and virus-containing fungi was calculated with t-test and statistically signiﬁcant
differences are marked with asterisk (Po0.05).
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Fig. 4. The fungal host growth temperature affects the ratio of viral genomes segments and transcripts in a similar manner both in natural and in a new host. HetPV1-ab1,
HetPV2-pa1, and HetPV3-ec1 were transferred to strain 98004. (A) The relative amounts of HetPV1-ab1, HetPV2-pa1, and HetPV3-ec1 genome segments in 98004 grown at
20 1C and 25 1C were measured with quantitative real-time PCR. The amount of CP dsRNA was set to one (black column) and used to calculate the relative amounts of RdRP
(grey column). The error bars represent standard deviation of three separate experiments. (B) The ratio of partitivirus RdRP to CP genome segments in natural (black squares)
and 98004 (grey circles) at 20 1C and 25 1C remain within 95% conﬁdence interval on the mean values for HetPV1-ab1 and HetPV2-pa1, but not for HetPV3-ec1. Error bars
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25 1C. (C) The amounts of viral transcripts were standardised to the amounts of Heterobasidion GAPDH mRNA. Black columns show the relative amounts of CP transcript and
grey columns the relative amounts of RdRP transcripts. The error bars signify standard error of three separate experiments. (D) The host growth temperature-dependent
changes in ratios of viral transcripts are shown for the natural hosts (black squares) and for the new host (grey circles). The results are compiled from the PCR quantiﬁcation
of the viral transcripts by dividing the amount of CP by the amount of RdRp. The error bars illustrate standard deviation of calculated ratios from three separate experiments.
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RdRp to CP genome segment ratios also in the new host: HetPV1-
ab1 had about four times more CP than RdRp, HetPV2-pa1
had twice the amount of CP than RdRp segments, and HetPV3-
ec1 had again on average more RdRp than CP segments (Fig. 4A).
For HetPV1-ab1 and HetPV2-pa1 the genome segment ratios
remained the same in the two different temperatures, whereas
for HetPV3-ec1 the genome segment ratio seemed to increase as
the temperature rose, although the difference is not statistically
signiﬁcant. The variation of the genome segment ratios is larger
for HetPV1-ab1 and HetPV2-pa1 in 98004 than in their original
host (Fig. 4B). However, at 95% conﬁdence interval of the mean the
segment ratio values for HetPV1-ab1 and HetPV2-pa1 overlap on
both hosts and temperatures, suggesting that the genome segment
ratios remain stable on different hosts and temperatures. HetPV3-
ec1 does not seem to have stable genome segment ratios in
these conditions, except for having on average more RdRp than
CP genome segments.
Similarly to their natural hosts, the overall virus transcript
levels were lower at 6 1C than at 20 1C or 25 1C (Fig. 4C). The
viruses that had higher levels of CP than RdRp transcripts in their
natural host had the same transcript pattern also in the new host.
HetPV3-ec1 had again more CP than RdRp transcripts at 6 1C yet
the ratio changed, similarly as in its natural host, and at 25 1C the
amount of RdRp transcripts was ﬁve times higher than the amount
of CP transcript. We have not compared the standardized amounts
of the viral transcripts levels between different Heterobasidion
strains to avoid assuming that the strains have exactly the same
GAPDH nucleotide sequence or equal GAPDH mRNA levels in them
(Raffaello and Asiegbu, 2013). However, in the same host strain at
the same temperature the GAPDH mRNA levels can be expected to
be comparable. The transcript levels varied at 20 1C from 0.1 to
0.27 per GAPDH mRNA for CP and from 0.2 to 0.9 per GAPDH
mRNA for RdRp. Thus, the exact levels of viral transcripts of
different Heterobasidion partitiviruses are quite similar in
quantity.
Plot of the CP to RdRp transcript ratios of HetPV1-ab1, HetPV2-
pa1, and HetPV3-ec1 in their natural and the new host illustrated
that the viruses respond to host growth temperatures in a
consistent manner (Fig. 4D). In the two different hosts HetPV1-
ab1 reduces the CP to RdRP transcript ratios from 6 1C to 20 1C and
increases the ratio from 20 1C to 25 1C, whereas HetPV2-pa1
reduces the amount of CP to RdRp from 6 1C to 20 1C after which
the ratio stays approximately the same from 20 1C to 25 1C. The
amount of HetPV3-ec1 RdRp transcript increases from 6 1C to 25 1C
compared to the amount of CP transcript and at 25 1C RdRp
transcript levels are many times higher than CP transcript levels.
Heterobasidion partitiviruses frequently affect the growth
of the new host
The original H. occidentale 98004 strain was used as a virus-free
control in the growth experiments (Fig. 5). It had reduced growth rate
at 6 1C and grew slightly faster at 20 1C than at 25 1C. The 98004
infected with HetPV1-ab1 grew signiﬁcantly slower than the virus-
free control at all the temperatures. HetPV2-pa1 slightly decreased
the growth rate of 98004 at 20 1C but increased it at 25 1C. HetPV3-
ec1 reduced the growth rate of its new host somewhat at 20 1C and
by half at 25 1C. Interestingly, this HetPV3-ec1-mediated growth
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Fig. 5. The effect of Heterobasidion partitiviruses on the growth of the new host strain, 98004, at 6 1C, 20 1C, and 25 1C. Growth of the virus-free control (dashed black line
with circles) and the virus-containing (grey line with diamonds) fungi were recorded with 4 time points for six days at 20 1C and 25 1C and for 28 days at 6 1C. The error bars
represent standard error of the mean of six separate experiments. The signiﬁcance of the difference between the mean growth area of virus-free and virus-containing fungi
was calculated with t-test and statistically signiﬁcant differences are shown by asterisks: * Po0.05, ** Po0.01, and *** Po0.001.
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reduction coincided with the changes at the transcript levels where
RdRp transcript became dominant over CP transcript. The new host
strain seemed to be much more vulnerable to the effects of Hetero-
badision partitivirus infection than the natural host.
Discussion
Heterobasidion partitiviruses produce uneven amounts of CP and
RdRp genome segments and the virus-speciﬁc genome segment
ratios generally persist over two different temperatures and hosts.
Previously mycovirus genome segment ratios have been mainly
estimated from ethidium bromide stained agarose gels. Bipartite
megabirnavirus of the white root rot fungus Rosellinia necatrix was
shown to have less of CP and RdRp mRNA producing genome
segment than the segment encoding for protein with unknown
function (Chiba et al., 2009). The authors do, however, mention that
the genome ratios were seen ﬂuctuating in different subcultures.
Removal of Rosellinia necatrix partitivirus defective interfering
dsRNA1 genome segment destabilised the two other genome seg-
ments in such way that their ratios became seemingly random
(Chiba et al., 2013b). Buck and Kempson-Jones (1973) showed by
CsCl density gradient centrifugation that there were twice as many
Penicillium stoloniferum partitiviruses S particles with CP than RdRp
genome segment. Thus, it is not surprising to ﬁnd uneven ratios of
genome segments for dsRNA mycoviruses. The ﬁnding that generally
Heterobasidion partitiviruses CP segment was more abundant than
RdRp segment seems even logical if considering that partitiviral
particle consists of 120 CP molecules and of only one RdRp. Yet it is
surprising how some of the viruses can maintain such a large ratio
without risking infection stability. For example, the CP to RdRp
segment ratio of ten, like for HetPV12-an1, requires on average 11
virus particles per cell to ensure that one of them produces RdRp.
Although Heterobasidion partitivirus genome segment ratios were
generally constant in different conditions, we observed ﬂuctuations as
well. The genome segment ratios of HetPV3-ec1, which unlike the
other Heterobasidion partitiviruses had more of RdRp than CP seg-
ments, were especially unstable. Whether this “genomic instability”
was somehow due to the excess amount of RdRp segments requires
further study. Interestingly, the variation in the genome segment ratios
of HetPV1-ab1 and HetPV2-pa1 was much higher in the new host
than in the natural host. This ﬂuctuation might indicate that an initial
adjustment period is required for virus to adapt to a new host fungus.
This is also supported by our result that all the viruses inﬂuenced the
growth of the new host strain at several temperatures but only two
viruses had a slight effect on the growth of their natural host.
The host growth temperature affects the amounts of CP and RdRp
transcripts differently for each of the viruses, yet each virus had
similar unique pattern of temperature-dependent transcript ratios in
two different Heterobasidion strains. The amounts of viral transcripts
are determined by two factors: production of transcripts by virus
particle and their stability in the host cytoplasm. Because the genome
segment ratios remained similar for most of the viruses in all
conditions tested, the temperature-dependent changes of the viral
transcripts are result of either similarity in host conditions or in virus
particle activity. If partitivirus transcription occurs inside virus
particle, then the whole particle, not only RdRp, might be involved
in controlling transcription. Partitivirus particle structures have
shown that unstructured domains of partitivirus coat proteins
interact with virus RNA inside the capsid (Pan et al., 2009). Mutations
on plant brome mosaic virus coat protein have shown to change the
relative yields of virus RNA genomes (Hema et al., 2010).
Features of the viral genome segments probably hold answers for
how the amounts of virus transcripts are regulated. For example, the
50-ends of the two genome segments of the same Heterobasidion
partitivirus are highly similar in sequence; for the viruses studied
here the identity between the ﬁrst 120 nucleotides of CP and RdRp is
about 64–72%. This sequence similarity has been seen also in other
partitiviruses (Strauss et al., 2000) and it might be how virus proteins
recognise viral RNA and coordinate their transcription and packaging
into virus particles. Several partitiviruses have a stretch of polyade-
nosine in their genomic 30-ends (Lim et al., 2005; Strauss et al., 2000)
and for the Heterobasidion partitiviruses studied here this poly(A)-
tail is on average longer for CP than for RdRp segments (Table A1). In
eukaryotes the length of poly(A)-tail correlates positively with the
stability of mRNA. Thus, compared to RdRp transcripts, the longer
poly(A)-tail may contribute positively to the stability of CP transcripts
in host cytoplasm.
In conclusion, the main ﬁndings of this research are that each
Heterobasidion partitivirus has a unique ratio of genome fragments
and a distinctive way of responding to host growth temperature. These
results may reﬂect how dependent Heterobasidion partitiviruses are
on their hosts. The viruses have to evolve and adapt to survive in their
host because extracellular infective particles do not exist and natural
transfer to another host is limited. Accordingly Heterobasidion parti-
tivirus infections are generally symptomless yet may at some condi-
tions, such as in a new host, perturb fungal growth.
Materials and methods
Fungal isolates
HetPV12-an1 was isolated from H. annosum s.s., 94221, col-
lected from Poland (M. Kashif, R. Hyder, D. DeVega, J. Hantula,
and E. J. Vainio, unpublished; GenBank accession numbers for CP is
KF963176 and for RdRp is KF963175), HetPV2-pa1 was isolated
from H. parviporum, 7R18, collected from Finland (Vainio et al.,
2011b), and HetPV1-ab1 was isolated from H. abietinum, 93,672,
collected from Greece (Vainio et al., 2011a). All these viruses are
Table 1
Per cent of identity matrix for genomic sequences of heterobasidion partitivirus coat
proteins (light grey) and RNA-dependent RNA polymerases (dark grey).
Matrix was created by MAFFT (www.ebi.ac.uk).
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from H. annosum s.l, whereas HetPV3-ec1 was isolated from H.
ecrostusum, 05166, collected from China (Vainio et al., 2010) and it
belongs to H. insulare s.l.. HetPV2-pa1 represents the recently
proposed partitivirus genus Betapartitivirus, while the three other
viruses are members of Alphapartitivirus (www.ictvonline.org).
The per cent of identity of CP or RdRp genomic sequences between
the viruses ranged from 42% to 68% (Table 1). HetPV1-ab1,
HetPV2-pa1 and HetPV3-ec1 were originally named as Hetero-
basidion RNA viruses (HetRV1, HetRV2 and HetRV3). The new
partitivirus host used in this study was H. occidentale, 98004,
collected from USA (Vainio et al., 2011b) and it belongs to
H. annosum s.l. The fungi were maintained at 6 1C, 20 1C, or 25 1C
on 2% malt extract agar plates (MEA, BactoTM Difco, USA).
The transmission of the viruses from their original hosts to
98004 was done as described previously (Ihrmark et al., 2002). In
short, the virus-carrying donor strain and virus-free 98004 were
grown on a same plate for two months after which a sample of
98004 was taken one centimetre from the demarcation line.
Hyphal tip isolates was isolated from virus positive transmission
samples and the identities of the positive isolates were conﬁrmed
using DNA ﬁngerprinting as described previously (Vainio et al.,
2011a).
Removal of the viruses from their original hosts by heat treatment
was accomplished as described earlier (Vainio et al., 2010). The
absence of virus was conﬁrmed by RT-PCR and agarose gel electro-
phoresis using GelGreen DNA dye (Biotium, USA) as described below.
Fungal growth experiment
The fungi were grown on 2% malt extract agar plates. A circular
agar plug of 0.5 cm in diameter was removed one centimetre from
the edge of fresh growth and positioned to the centre of new 2% malt
extract agar plate. The fungi were then returned to 6 1C, 20 1C, or
25 1C. The growth was recorded for 3rd, 4th, 5th and 6th day post-
plating for 20 1C and 25 1C samples and for 7th, 14th, 21th and 28th
day for 6 1C samples, except for 94221 for which the growth was
measured on 7th, 11th, 14th, and 16th days. Six separate experiments
were done for each sample. The area of fungal growth was measured
by a digital planimeter (Planix 10S, Tamaya).
Total RNA isolation and cDNA synthesis
Total RNA was isolated from fungi grown for 3–5 days on
cellophane membrane-covered modiﬁed orange serum (MOS) agar
plates (22). Mycelia were collected and fungal cells were homoge-
nised by 1–2 mm quartz sand grains in TRI Reagent (Molecular
Research Center Inc., USA) using Fast-Prep FP120 homogeniser (JT
Baker, Holland). Total RNAwas then isolated as recommended by TRI
Reagent manufacturer. RNA was resuspended into DEPC treated
water (G. Biosciences, USA) and the concentration and purity of the
isolated RNA were measured using NanoVue (GE healthcare, USA).
Complementary DNA was produced from 2 mg of total RNA
using RevertAid First Strand cDNA Synthesis Kit (Thermo Scien-
tiﬁc, USA) and Random Hexamer Primers (Thermo Scientiﬁc, USA)
according to manufacturer's recommendations.
PCR
Half-sample volume of water was added to the cDNAs before
using them in quantitative-PCR (qPCR). EvaGreens dye (Solis
BioDyne, Estonia) was used in qPCR on Rotor-GeneQ (Qiagen,
USA) as recommended by manufacturers. PCR primers were as
follows: GAPDH (23), HetPV1-ab1 capsid forward 50 TTCAT-
CTTGCTCTCCCTCGT and reverse 50 CCATTCAGGAGACGTTTGGT,
HetPV1-ab1 RdRP forward 50 ACCACACCAAAGCAAAGGAC and
reverse 50 GTGAAACCTTGGGCCTTGTA, HetPV2-pa1 capsid forward
50 CTCCCGGCTCATACATGATT and reverse 50 TGCAGAGTGTCGAAGT-
CACC, HetPV2-pa1 RdRP forward 50 CTACCCTTCCAACGCCATAA and
reverse 50 GCGGACATACATGACTGTGG, HetPV12-an1 capsid for-
ward 50 GATCAAATCGCTCTCCTTCG and reverse 50 GCTTGTCCAAA-
CATGGTCCT, HetPV12-an1 RdRP forward 50 ATCCGTATACCGGAGG-
CTCT and reverse 50 ATCGAAGCCCATAGCAGAGA, HetPV3-ec1 cap-
sid forward 50 CAGGCCTACTATCCGGTGAA and reverse 50 GGATGT-
GAGCTGCAACTTGA, and HetPV3-ec1 RdRP forward 50 ATCCGTATA-
CCGGAGGCTCT and reverse 50 ATCGAAGCCCATAGCAGAGA. QPCR
standards for each primer pair were created by incorporating the
respective PCR product into a plasmid vector. In short, for semi-
quantitative PCR Dynazyme PCR kit (Thermo Science, USA) was
used according to manufacturer's recommendation on the S1000
Thermal Cycler (BioRad, USA). PCR programme was as follows:
94 1C for 2 min, 94 1C for 30 s, 52 1C for 20 s, and 72 1C for 20 s.
PCR products were separated in agarose gel electrophoresis with
ethidium bromide, excised from the gel, and puriﬁed using Gel
Extraction kit (Omega bio-tek, USA) as suggested by the manu-
facture. Puriﬁed PCR product was cloned into TOPO-pCR2.1 vector
using TOPOs TA Cloning Kit (Invitrogen, USA) according to
manufacturer's recommendations. Plasmids were isolated with
Plasmid Mini Kit (Omega Bio-Tek, USA). Plasmid concentrations
were measured with a NanoVue spectrophotometer and qPCR
standards ranging from 500 to 50,000,000 molecules per 1 ml were
prepared. All qPCR reactions were done in triplicates from at least
three separate samples.
Isolation of dsRNA
DsRNA was isolated from fungi grown for 14–20 days on
cellophane membrane-covered modiﬁed orange serum (MOS)
agar plates (Müller et al., 1994). Isolation of partitivirus dsRNA
was done according to the protocol published earlier (Tuomivirta
and Hantula, 2003) with slight modiﬁcations. In short, cells were
homogenised by quartz sand in lysis buffer (50 mM Tris–HCl pH
8.0/50 mM EDTA/3% sodium dodecyl sulphate/0.2% β-mercap-
toethanol), RNA was extracted once with phenol–chloroform
(1:1), then with chloroform–isoamylalcohol (24:1) and ﬁnally
ethanol and NaCl was added into supernatant at ﬁnal concentra-
tion of 15% and 100 mM, respectively. CF11 cellulose (Whatman,
England) was added into the mixture and the samples were
pipetted into SigmaPrepTM spin columns (Sigma-aldrich, USA).
Columns were centrifuged for 30 s at 1500 rpm. The CF11 pellets
were washed with 7 ml of TSE-buffer (10 mM Tris–HCl pH 8.0/
100 mM NaCl/1 mM EDTA) with 15% ethanol and the dsRNA was
eluted with 400 ml of TSE-buffer. The eluate was ethanol precipi-
tated before loading it to agarose gel electrophoresis. The dsRNA
genome segments of each partitivirus were excised from the gel
and isolated with Rnaids Kit (MP Biomedicals, USA) and used
in reverse transcriptase reaction and subsequently in qPCR as
described above.
Acknowledgments
This work was supported by Finnish Forest Research Institute
and Academy of Finland (decision numbers 251193 and 258520).
We are grateful to Marja-Leena Santanen and Sonja Sarsila for
technical assistance.
Appendix A. Supplementary material
Supplementary data associated with this article can be found in
the online version at http://dx.doi.org/10.1016/j.virol.2014.05.021.
J. Jurvansuu et al. / Virology 462-463 (2014) 25–3332
References
Ahn, I.P., Lee, Y.H., 2001. A viral double-stranded RNA up regulates the fungal
virulence of Nectria radicicola. Mol. Plant Microbe Interact. 14, 496–507.
Bhatti, M.F., Jamal, A., Petrou, M.A., Cairns, T.C., Bignell, E.M., Coutts, R.H., 2011. The
effects of dsRNA mycoviruses on growth and murine virulence of Aspergillus
fumigatus. Fungal Genet. Biol. 48, 1071–1075.
Bozarth, R.F., Wood, H.A., Mandelbrot, A., 1971. The Penicillium stoloniferum virus
complex: two similar double-stranded RNA virus-like particles in a single cell.
Virology 45, 516–523.
Buck, K.W., 1978. Semi-conservative replication of double-stranded RNA by a virion-
associated RNA polymerase. Biochem. Biophys. Res. Commun. 84, 639–645.
Buck, K.W., Chain, E.B., Darbyshire, J.E., 1969. High cell wall galactosamine content
and virus particles in Penicillium stoloniferum. Nature 223, 1273.
Buck, K.W., Kempson-Jones, G.F., 1973. Biophysical properties of Penicillium
stoloniferum virus S. J. Gen. Virol. 18, 223–235.
Buck, K.W., Kempson-Jones, G.F., 1970. Three types of virus particle in Penicillium
stoloniferum. Nature 225, 945–946.
Chiba, S., Lin, Y.H., Kondo, H., Kanematsu, S., Suzuki, N., 2013a. Effects of defective
interfering RNA on symptom induction by, and replication of, a novel partiti-
virus from a phytopathogenic fungus, Rosellinia necatrix. J. Virol. 87, 2330–2341.
Chiba, S., Lin, Y.H., Kondo, H., Kanematsu, S., Suzuki, N., 2013b. A novel victorivirus
from a phytopathogenic fungus, Rosellinia necatrix, is infectious as particles and
targeted by RNA silencing. J. Virol. 87, 6727–6738.
Chiba, S., Salaipeth, L., Lin, Y.H., Sasaki, A., Kanematsu, S., Suzuki, N., 2009. A novel
bipartite double-stranded RNA Mycovirus from the white root rot Fungus
Rosellinia necatrix: molecular and biological characterization, taxonomic con-
siderations, and potential for biological control. J. Virol. 83, 12801–12812.
Ellis, L.F., Kleinschmidt, W.J., 1967. Virus-like particles of a fraction of statolon, a
mould product. Nature 215, 649–650.
Hema, M., Murali, A., Ni, P., Vaughan, R.C., Fujisaki, K., Tsvetkova, I., Dragnea, B.,
Kao, C.C., 2010. Effects of amino-acid substitutions in the Brome mosaic virus
capsid protein on RNA encapsidation. Mol. Plant Microbe Interact. 23, 1433–1447.
Hillman, B.I., Shapira, R., Nuss, D.L., 1990. Hypovirulence-associated suppression of
host functions in Cryphonectria parasitica can be partially relieved by high light
intensity. Phytopathology 80, 950–956.
Hyder, R., Pennanen, T., Hamberg, L., Vainio, E.J., Piri, T., Hantula, J., 2013. Two
viruses of Heterobasidion confer beneﬁcial, cryptic or detrimental effects to
their hosts in different situations. Fungal Ecol. 6 (5), 387–396.
Ihrmark, K., Johannesson, H., Stenström, E., Stenlid, J., 2002. Transmission of
double-stranded RNA in Heterobasidion annosum. Fungal Genet. Biol. 36,
147–154.
Ihrmark, K., Zheng, J., Stenström, E., Stenlid, J., 2001. Presence of double-stranded
RNA in Heterobasidion annosum. For. Pathol., 387–394.
Kanematsu, S., Sasaki, A., Onoue, M., Oikawa, Y., Ito, T., 2010. Extending the fungal
host range of a partitivirus and a mycoreovirus from Rosellinia necatrix by
inoculation of protoplasts with virus particles. Phytopathology 100, 922–930.
Kim, J.W., Choi, E.Y., Lee, J.I., 2005. Genome organization and expression of the
Penicillium stoloniferum virus F. Virus Genes 31, 175–183.
Kim, J.W., Kim, S.Y., Kim, K.M., 2003. Genome organization and expression of the
Penicillium stoloniferum virus S. Virus Genes 27, 249–256.
Lim, W.S., Jeong, J.H., Jeong, R.D., Yoo, Y.B., Yie, S.W., Kim, K.H., 2005. Complete
nucleotide sequence and genome organization of a dsRNA partitivirus infecting
Pleurotus ostreatus. Virus Res. 108, 111–119.
Lygis, V., Vasiliauskas, R., Stenlid, J., 2004. Planting Betula pendula on pine sites
infested by Heterobasidion annosum: disease transfer, sivicultural evaluation,
and community of wood-inhabiting fungi. Can. J. For. Res. 34, 120–130.
Márquez, L.M., Redman, R.S., Rodriguez, R.J., Roossinck, M.J., 2007. A virus in a
fungus in a plant: three-way symbiosis required for thermal tolerance. Science
315, 513–515.
Müller, M.M., Kantola, R., Kitunen, V., 1994. Combining sterol and fatty acid proﬁles
for the characterization of fungi. Mycol. Res. 98, 593–603.
Nuss, D.L., 2011. Mycoviruses, RNA silencing, and viral RNA recombination. Adv.
Virus Res. 80, 25–48.
Ochoa, W.F., Havens, W.M., Sinkovits, R.S., Nibert, M.L., Ghabrial, S.A., Baker, T.S.,
2008. Partitivirus structure reveals a 120-subunit, helix-rich capsid with
distinctive surface arches formed by quasisymmetric coat-protein dimers.
Structure 16, 776–786.
Pan, J., Dong, L., Lin, L., Ochoa, W.F., Sinkovits, R.S., Havens, W.M., Nibert, M.L., Baker,
T.S., Ghabrial, S.A., Tao, Y.J., 2009. Atomic structure reveals the unique capsid
organization of a dsRNA virus. Proc. Natl. Acad. Sci. U.S.A. 106, 4225–4230.
Potgieter, C.A., Castillo, A., Castro, M., Cottet, L., Morales, A., 2013. A wild-type
Botrytis cinerea strain co-infected by double-stranded RNA mycoviruses pre-
sents hypovirulence-associated traits. Virol. J. 10, 220.
Raffaello, T., Asiegbu, F.O., 2013. Evaluation of potential reference genes for use in
gene expression studies in the conifer pathogen (Heterobasidion annosum). Mol.
Biol. Rep. 40, 4605–4611.
Segers, G.C., Zhang, X., Deng, F., Sun, Q., Nuss, D.L., 2007. Evidence that RNA
silencing functions as an antiviral defense mechanism in fungi. Proc. Natl. Acad.
Sci. U.S.A. 104, 12902–12906.
Strauss, E.E., Lakshman, D.K., Tavantzis, S.M., 2000. Molecular characterization of
the genome of a partitivirus from the basidiomycete Rhizoctonia solani. J. Gen.
Virol. 81, 549–555.
Tang, J., Ochoa, W.F., Li, H., Havens, W.M., Nibert, M.L., Ghabrial, S.A., Baker, T.S.,
2010. Structure of Fusarium poae virus 1 shows conserved and variable
elements of partitivirus capsids and evolutionary relationships to picobirna-
virus. J. Struct. Biol. 172, 363–371.
Tuomivirta, T.T., Hantula, J., 2003. Two unrelated double-stranded RNA molecule
patterns in Gremmeniella abietina type A code for putative viruses of the
families Totiviridae and Partitiviridae. Arch. Virol. 148, 2293–2305.
Vainio, E.J., Hakanpää, J., Dai, Y.C., Hansen, E., Korhonen, K., Hantula, J., 2011a.
Species of Heterobasidion host a diverse pool of partitiviruses with global
distribution and interspecies transmission. Fungal Biol. 115, 1234–1243.
Vainio, E.J., Hyder, R., Aday, G., Hansen, E., Piri, T., Dogmus-Lehtijarvi, T., Lehtijarvi,
A., Korhonen, K., Hantula, J., 2012. Population structure of a novel putative
mycovirus infecting the conifer root-rot fungus Heterobasidion annosum sensu
lato. Virology 422, 366–376.
Vainio, E.J., Keriö, S., Hantula, J., 2011b. Description of a new putative virus infecting
the conifer pathogenic fungus Heterobasidion parviporum with resemblance to
Heterobasidion annosum P-type partitivirus. Arch. Virol. 156, 79–86.
Vainio, E.J., Korhonen, K., Tuomivirta, T.T., Hantula, J., 2010. A novel putative
partitivirus of the saprotrophic fungus Heterobasidion ecrustosum infects
pathogenic species of the Heterobasidion annosum complex. Fungal Biol. 114,
955–965.
Zhou, T., Boland, G.J., 1997. Hypovirulence and double-stranded RNA in Sclerotinia
homoeocarpa. Phytopathology 87, 147–153.
J. Jurvansuu et al. / Virology 462-463 (2014) 25–33 33
